Epithelial cells within the normal breast duct seem to be the primary target for neoplastic transformation events that eventually produce breast cancer. Normal epithelial cells are easily isolated and propagated using standard techniques. However, these techniques almost invariably result in populations of cells that are largely basal in character. Because only f20% of human breast cancers exhibit a basal phenotype, our understanding of the disease may be skewed by using these cells as the primary comparator to cancer. Further, because germ line mutations in BRCA1 yield breast cancers that are most often of the basal type, a comparison of normal basal and luminal cells could yield insight into the tissue and cell type specificity of this hereditary cancer susceptibility gene. In this report, we describe a simplified and efficient method for isolating basal and luminal cells from normal human breast tissue. These isogenic cells can be independently propagated and maintain phenotypic markers consistent with their respective lineages. Using these cultured cells, we show that basal and luminal cells exhibit distinct responses to ionizing radiation. Basal cells undergo a rapid but labile cell cycle arrest, whereas luminal cells show a much more durable arrest, primarily at the G 2 -M boundary. Molecular markers, including p53 protein accumulation, p53-activated genes, and BRCA1 nuclear focus formation all correlate with the respective cell cycle responses. Further, we show that short-term cultures of human breast tissue fragments treated with ionizing radiation show a similar phenomenon as indicated by the biphasic accumulation of p53 protein in the basal versus luminal layer. Together, these results indicate that normal basal cells have a transitory cell cycle arrest after DNA damage that may underlie their increased susceptibility to transformation after the loss of functional BRCA1. [Cancer Res 2007;67(7):2990-3001] 
Introduction
At least two distinct differentiated cell types comprise the normal breast duct. Lining the apical surface of the duct are luminal cells with secretory properties, whereas the basal layer is composed of myoepithelial cells that have properties of both contractile muscle cells and epithelium. Putative stem cell precursors that reside at the growing tip of each duct are believed to differentiate into these mature cell types. The target cells for breast carcinogenesis have not been fully elucidated. However, it is clear that human breast cancer can be categorized into subtypes that have properties consistent with derivation from both basal and luminal normal mammary epithelia. Basal-type breast cancers are distinguished more through a molecular than a histologic phenotype as they are defined largely by the expression pattern of a series of genes. These cancers typically lack expression of estrogen receptor a (ESR1), progesterone receptor (PGR), and ERBB2 but frequently overexpress epidermal growth factor (EGF) receptor (1) . In addition, basal-type breast tumors have a high frequency of TP53 mutations and express a constellation of intermediate filament and extracellular matrix proteins associated with normal basal cells (2, 3) . Although other breast cancers lack ESR1, PGR, and ERBB2, and have mutated TP53, their expression of structural proteins does not resemble the basal pattern. Luminal types of breast cancers are more heterogeneous and can be subclassified into several categories based on strong signatures related to the combinations of hormone receptors and ERBB2 expression (1) .
Contained within the set of basal tumors are the medullary carcinomas (4, 5) . Strictly defined, only f5% of invasive breast cancers fall into this category. However, cancers with several but not all medullary features are more common (atypical medullary carcinoma). Medullary histology is characterized by a circumscribed tumor mass that seems to push at its margins without invading, syncytia formation, and a moderate to heavy number of inflammatory cells, particularly at the periphery of the cancer. These features, particularly the circumscribed growth pattern, may relate to the generally more favorable prognosis of patients with these cancers (6) . Aside from their prototypic basal expression profile, this histologic type has also come to prominence due to the abundance of these cancers in BRCA1 mutation carriers (compared with other histologic subtypes and compared with nonfamilial breast cancers; refs. 7, 8) . At the expression level, most BRCA1 mutation-related cancers are of the basal subtype (9, 10) . Further, although somatic mutations in BRCA1 are extremely uncommon, the BRCA1 tumor-suppressor gene is hypermethylated in a subset of sporadic breast cancers, notably those with medullary features (11, 12) . The weight of evidence indicates that BRCA1 is involved in the promotion of predominantly basal-type breast cancers.
Normal human breast epithelial cells (HMEC) can be cultured readily, and a number of immortalized lines have been derived. The distinguishing feature of these cells is that they almost uniformly express a strong basal phenotype. Cells with basal properties seem to adhere better to plastic, proliferate more rapidly, and divide more often than cells with luminal characteristics (2, 13) . Therefore, basal cells predominate very early during the typical culture of normal mammary epithelial cells from a breast reduction specimen. Within the constraints of tissue culture systems, basal and luminal cells also seem to have different medium/growth factor requirements (2, 13, 14) . Single-cell preparations of primary mammary epithelial cells (derived from ductal fragments or organoids) can be enriched for cells expressing basal [membrane metalloendopeptidase (MME), also called common acute lymphoblastic leukemia antigen (CALLA)] and luminal [MUC1 or epithelial membrane antigen (EMA)] surface antigens using selective antibodies and then propagated to retain their differentiated properties (15) . Complex medium formulations have been developed to maintain normal mammary epithelial cells, including fully defined medium (13) . Typically, medium containing low serum but supplemented with bovine pituitary extract (BPE) is used to culture HMECs that retain basal characteristics. High serum concentration inhibits the growth of these cells and leads to premature senescence (16) . However, cells with luminal properties can be propagated in high serum without BPE. Purified cells grown in this manner can be trans-differentiated by switching to medium containing BPE, but basal cells have not been induced toward luminal growth with this strategy, suggesting that cells in the luminal lineage retain more stem cell characteristics (15) .
Germ line mutations in many of the highly penetrant tumor susceptibility genes, including RB, APC, BRCA1, and BRCA2, predispose to highly tissue-restricted cancers although their expression and function do not seem to be limited to those specific types of cells. With respect to BRCA1, tumor predisposition in the breast seems to be further restricted to cells in the basal lineage. Given the wealth of evidence regarding the function of BRCA1 in the response to DNA damage, we theorized that basal and luminal cells could have differing responses to damage that might serve to highlight an important facet of BRCA1-related tumorigenesis.
Our goal in exploring phenotypic differences in normal breast cells related to BRCA1 required the reproducible isolation and propagation of both basal and luminal cell types. In this article, we report on a simplified method to separate primary basal and luminal breast epithelial cells and the characterization of cells isolated using this protocol. Further, we have begun to examine these cells after DNA damage and find that isogenic cultures of basal and luminal cells show consistent and unique responses. Basal cells undergo a more transient checkpoint response to ionizing radiation than luminal cells. This may be a defining aspect in their differential susceptibility to BRCA1-related cancers.
Materials and Methods
Breast tissue, cell preparation, cell separation, and cell culture. Women undergoing reduction mammoplasty at Duke University Medical Center were consented for tissue donation under an Institutional Review Board-approved protocol. Breast parenchyma not needed for diagnosis was obtained from surgical pathology and transported to the research laboratory at room temperature the same day as the surgery in DMEM containing 10% fetal bovine serum (FBS).
For preparation of unfractionated normal mammary epithelial cells, organoids were prepared using a protocol adapted from Band and Sager (17) that we had previously modified. One further modification of this protocol was the elimination of filtration and the substitution of two sequential 30 min 1 Â g sedimentation steps with fresh medium. After each sedimentation step, the supernatant containing mostly stromal cells was discarded. The remaining pellet contained the epithelial-rich organoids. Organoids were either frozen viably or allowed to settle in tissue culture dishes in DFCI to induce epithelial cell outgrowth.
To obtain single-cell suspensions, either fresh or frozen organoids were washed twice with DMEM containing 1% FBS and once in cold PBS before digestion with trypsin/EDTA (0.05%/0.02% in PBS) for 20 min at 37jC. Digestion was stopped by dilution with cold DMEM + 10% FBS. Cell preparations were then washed twice with DMEM + 1% FBS and the cell pellet was resuspended in DFCI or BCM (18) medium and filtered through a 100-Am cell sieve. The single-cell suspension was cultured overnight in either DFCI or BCM containing 5 ng/mL hepatocyte growth factor (HGF). The following day, the cells were trypsinized, washed once in PBS, and counted using a hemocytometer.
For fluorescence-activated cell sorting (FACS), 1 Â 10 7 cells were first blocked in 1 mL of PBS containing 2% normal goat serum + 1% FBS for 15 min on ice with occasional shaking. Cells were then washed once with PBS + 1% FBS, incubated in 1 mL of the monoclonal antibody, Ber-EP4 (DAKO, Carpinteria, CA), at 40 Ag/mL in PBS + 1% FBS for 60 min at 4jC with gentle shaking, followed by three washes with PBS + 1% FBS. In other experiments, cells were sorted based on cell surface staining for CALLA using the J5 antibody (Beckman Coulter, Fullerton, CA) or an antibody to EMA E29 (DAKO), both at 40 Ag/mL. For detection, the cells were then incubated with 1 mL of FITC-conjugated goat anti-mouse IgG (Jackson Immunoresearch Laboratories, West Grove, PA) at a 1:75 dilution in PBS + 1% FBS at 4jC for 30 min with gentle mixing, washed thrice with PBS + 1% FBS, then finally resuspended in 1 mL DMEM + 10% FBS and 20 units DNase to prevent clumping. The cells were then sorted based on intensity of green fluorescence using a BD FACS Vantage SE instrument and collected in DMEM + 10% FBS. The sorted cells were then centrifuged and plated on 60-mm dishes in the appropriate medium (cells with high Ber-EP4 reactivity in BCM and cells with low reactivity in DFCI).
For growth in three-dimensional culture, Matrigel (BD Biosciences, San Jose, CA) was mixed at a 1:1 ratio with DMEM as a basal medium (no additives). The constituted matrix was solidified at 37jC for 30 min. Cells were then added in the particular full growth medium (either DFCI or BCM) as an overlay to the matrix. For a single well of a 24-well dish, 2.5 Â 10 5 cells were used on 400 AL of matrix. Fresh medium (DFCI or BCM) was added every other day.
To study the reaction of normal mammary tissue to ionizing radiation, a fresh reduction mammoplasty specimen was trimmed of fat and cut into f3-mm 3 pieces before overnight incubation in DFCI medium in 60-mm tissue culture dishes. The tissue fragments were treated with 5 Gy of ionizing radiation; several pieces were harvested at each time point, frozen in optimum cutting temperature solution, and stored at À80jC for sectioning and immunohistologic analysis.
Gene expression array. Three replicate cultures of Ber-EP4-positive and Ber-EP4-negative cells were cultured in BCM and DFCI, respectively, until f60% confluent. Total RNA was extracted using the Qiagen Rneasy Mini kit. The quality of the RNA was verified by an Agilent 2100 Bioanalyzer. Labeled probes for Affymetrix DNA microarray analysis were prepared according to the manufacturer's instructions. Biotin-labeled cRNA, produced by in vitro transcription, was fragmented and hybridized to the Affymetrix U133A GeneChip arrays (22,283 probe sets, 1 Affymetrix, Santa Clara, CA) at 45jC for 16 h and then washed and stained using the GeneChip Fluidics Station. The arrays were scanned to a target intensity of 500 by a GeneArray Scanner and patterns of hybridization detected as light emitted from the fluorescent reporter groups incorporated into the target and hybridized to oligonucleotide probes. The microarray data (MAS5 format) is available online. 2 Irradiation, cell cycle, and side population analysis. Cells and tissue fragments were treated with ionizing radiation using a 137-Cs irradiator. To examine cell cycle after treatment, cells were stained for DNA content with propidium iodide. Briefly, cells were trypsinized and fixed in 2% paraformaldehyde for 30 min at room temperature. After washing with PBS, cells were permeabilized with 70% ethanol (in PBS) at 4jC for 30 min. Cells were then washed in PBS and resuspended in 0.5 mL of PBS containing 100 Ag/mL RNase A and 50 Ag/mL propidium iodide (Invitrogen, Carlsbad, CA) and DNA content was quantitated by flow cytometry using the Duke Comprehensive Cancer Center Shared Flow Cytometry Resource.
To detect, quantitate, and identify the side population of cells that can exclude dye via active pumping, we adapted a protocol described by Dontu et al. (19) . Cryopreserved cultures of very early passage HMEC (not fractionated) were thawed and grown in DFCI overnight before analysis. Cells were then trypsinized and resuspended at a concentration of 1 Â 10 6 /mL in side population medium consisting of Hamm's F12 containing 5 Ag/mL insulin, 1 Ag/mL hydrocortisone, 10 Ag/mL cholera toxin, 10 ng/mL EGF, and 5% FBS. To these suspended cells, we added Hoechst 33342 to 2.5 Ag/mL and verapamil to 50 Ag/mL (and cells were analyzed in parallel with no verapamil) and then incubated for 75 min at 37jC with gentle shaking. After this incubation, the cells were washed twice with ice-cold HBSS. The cells were then resuspended in 0.5 mL HBSS + 2% normal goat serum and 2% FBS and incubated for 15 min on ice. The cells were then centrifuged and resuspended in HBSS + 2% FBS and 40 Ag/mL Ber-EP4 and incubated for 30 min at 4jC with shaking. Cells were then washed twice (HBSS + 2% FBS) before the addition of a FITC-conjugated goat anti-mouse IgG at a 1:75 dilution for 20 min at 4jC. Cells were then washed thrice and resuspended in HBSS + 5% FBS, 2 Ag/mL propidium iodide, and 20 units of DNase to prevent clumping. Cells were then subjected to flow cytometry in a combined analysis for cell surface staining by Ber-EP4 (FITC) to identify basal versus luminal cells and Hoechst dye (UV) to identify the side population through the comparison of cells treated in the presence or absence of verapamil.
Immunoblotting. Whole-cell protein lysates were prepared using a 1% NP40 lysis buffer [150 mmol/L NaCl, 50 mmol/L Tris (pH 8), 1% NP40] supplemented with protease inhibitors. Cells were lysed for 30 min at 4jC, and protein concentrations were quantitated using the Bradford assay. Protein (100 Ag) was separated by SDS-PAGE and then electrotransferred onto nitrocellulose. After blocking in 5% dried milk and PBS-T, antibodies to the following proteins were used for detection: KRT18 (1 Ag/mL AB-2, Calbiochem, San Diego, CA), vimentin (0.5 Ag/mL AB-1, Calbiochem), p53 (0.2 Ag/mL DO1, Calbiochem) and p63 (2 Ag/mL 4A4, Santa Cruz Biotechnology, Santa Cruz, CA), and h-actin (0.1 Ag/mL, Roche Applied Science, Indianapolis, IN). Chemiluminescence (NEN Renaissance) was done after incubating blots in an anti-mouse secondary antibody conjugated to horseradish peroxidase (1:5,000 dilution, Jackson ImmunoResearch Laboratories, Inc.).
Northern blotting. Total RNA was extracted from cells using the Qiagen RNeasy Mini kit. Detection of specific mRNAs was carried out after formaldehyde-agarose gel electrophoresis of 10 Ag of total RNA and electrotransfer as previously described (20) . Radiolabeled probes were prepared from cloned cDNA inserts of GADD45A and 14-3-3r.
Quantitative real-time PCR. Real-time PCR (RT-PCR) for CDKN1A (p21/ CIP1/WAF1) was done using a LightCycler (Roche Applied Science). Primer sequences for CDKN1A were as follows: forward-TCAGGGGAGCAGGC-TGAA and reverse-TTTGAGGCCCTCGCGCTT, yielding a 175-bp product spanning the second and third exons. In parallel reactions, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was quantitated for normalization. The reaction mixtures contained 2 AL Titanium PCR buffer (Clontech, Mountain View, CA), 1 AL 100Â bovine serum albumin (BSA; New England Biolabs, Ipswich, MA), 1Â SYBR Green I (Invitrogen), 0.5 mmol/L deoxynucleotide triphosphates, 0.25 Amol/L of forward and reverse primers, 1Â AdvanTaqPlus polymerase (Clontech), and 50 ng cDNA. The cycling profile included a hot start at 95jC for 120 s followed by 40 cycles of a denaturation step at 95jC for 0 s, 58jC annealing for 10 s, 72jC of extension for 12 s, and a fluorescent signal acquisition at 84jC.
Immunohistochemistry and immunofluorescence. To detect p53, CALLA, and phosphorylated H2AX in ex vivo cultured breast tissue, 5-Am frozen sections were cut and air dried. Before staining, sections were fixed in acetone at room temperature, dried for 15 min, and then blocked with 5% horse serum for 15 min. The primary antibody was then applied for 1 h at room temperature. Monoclonal antibodies to the following antigens were used: p53 (0.2 Ag/mL DO1, Calbiochem), CALLA (10 Ag/mL J5 for CALLA, Coulter), and p-H2AX (10 Ag/mL, Upstate, Lake Placid, NY). Slides were then washed thrice in PBS at which time the sections were incubated with the biotinylated secondary antibody (1:100 horse anti-mouse, Vector Laboratories, Burlingame, CA) for 30 min at room temperature. Sections were again washed thrice in PBS and then incubated with the avidin/ biotinylated enzyme complex (Vector Laboratories) for 30 min at room temperature. The slides were washed thrice in PBS and then incubated with 0.05% 3,3 ¶-diaminobenzidine for 3.5 min at room temperature. The slides were then washed extensively in running tap water before counterstaining with methyl green. Coverslips were mounted after dehydration in graded ethanol and clearing in xylene.
For immunofluorescent detection of the BRCA1 protein, 2 Â 10 4 cells were deposited onto microscope slides using a Shandon cytocentrifuge and then air dried for 2 h at room temperature. Cells were fixed in 100% methanol at À20jC for 10 min, air dried for 5 min, then further permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature. Before antibody detection, cells were blocked for 1 h at room temperature in PBS containing 5% goat serum, 1% glycerol, 0.1% BSA, and 0.1% fish skin gelatin (blocking buffer). Cells were then incubated with the primary monoclonal antibody [anti-BRCA1, 1 Ag/mL of MS110 (Calbiochem) or mouse IgG1] at 4jC overnight in blocking buffer. The next day, slides were washed thrice in PBS before the secondary antibody was applied (1:500 goat anti-mouse conjugated with AlexaFluor 488, Molecular Probes) in blocking buffer for 1 h at room temperature. The slides were then washed thrice in PBS, postfixed in 4% paraformaldehyde for 5 min, washed twice in PBS, and then stained for 5 min with 1 Ag/mL Hoechst 33342 in PBS. Slides were then washed twice in water, air-dried, and coverslips were mounted with Vectashield (Vector Laboratories). 
(Continued on the following page) (17) . From breast reduction specimens, primary epithelial cells are typically grown from organoids on plastic. These organoids consist of fragments of ducts and lobules partially digested and purified away from fat and connective tissue. Epithelial cells grow out of the viable organoids and through differential trypsinization and the use of a selective medium contaminating fibroblasts are largely eliminated. Relatively short-term culture produces a morphologically mixed population of adherent cells that can grow rapidly for 2 to 3 weeks with increasing senescence toward the end of this period. Because it is the basal cells that tend to proliferate, immortalization of HMEC invariably results in cell lines that have the basal phenotype. However, by digesting organoids to single cells before culturing, antibody-based separation methods can be used to isolate enriched luminal and basal cell fractions.
Antibodies to CALLA and MUC1 have been used to separate basal and luminal cells (15, 18) . In our hands, this approach was inefficient, yielding very few cells from a typical organoid preparation. In examining the profile of cells detected by these antibodies via flow cytometry, we observed very little CALLA reactivity. In contrast, EMA staining intensity showed a bimodal distribution with a peak of cells that are low/negative and a peak with reactivity spanning f2 orders of magnitude in fluorescent intensity (Fig. 1A) . While investigating methods for detecting circulating epithelial cells, we used what was considered to be a pan-epithelial antibody (Ber-EP4) for immunomagnetic enrichment (22) . In testing this antibody on a series of breast cancer cell lines, we noted a broad range of reactivity. Lines with basal characteristics stained with less intensity than those considered to be of the luminal type. Gene expression array data on a set of breast cancer cell lines (23) confirmed this finding (Fig. 1B) .
The Ber-EP4 antibody detects a 35 to 40 kDa cell surface glycoprotein identified as tumor-associated calcium signal transducer 1 (TACSTD1) but also known as epithelial cell adhesion molecule (EpCAM; ref. 24) . Reacting early passage normal mammary epithelial cells with Ber-EP4 yielded a clear bimodal distribution with almost all cells falling into two discrete peaks (Fig. 1A) . In further testing of this antibody on HMEC from other individuals, we found that this was a typical but not invariant pattern (Fig. 1C) . We have analyzed very early passage HMEC from 10 separate reductions in this manner with three yielding only a single peak after Ber-EP4 staining. The other seven showed two discrete peaks containing virtually all of the viable cells.
We suspected that the Ber-EP4 antibody was preferentially staining cells of the luminal lineage and sought to test this possibility. Organoids were digested with trypsin, followed by filtration through 100-Am mesh to obtain single cells. These cells were incubated with the primary antibody (Ber-EP4) followed by a FITC-conjugated secondary antibody and then subjected to preparative flow sorting. As many as several million cells were reacted and sorted in this manner using a high-speed flow cytometer, and the two peaks were collected separately. Previous studies using other antibody-based separation techniques have shown that distinct culture conditions are required to maintain and grow basal and luminal breast epithelial cells (15, 18) . Medium containing BPE and low serum (35 Ag of protein/mL BPE and 1% FCS) supports the growth and maintains the characteristics of basal cells, whereas medium containing high serum (10%) and no pituitary extract promotes the growth of luminal cells. Switching basal cells into high serum leads to arrest and senescence, whereas switching luminal cells into medium containing BPE and reducing the serum leads to trans-differentiation into cells with basal characteristics (15) . Cells sorted into high and low Ber-EP4-reactive populations exhibited properties consistent with those previously reported for luminal and basal cells, respectively. Ber-EP4+ cells grown in serum-containing medium (BCM; ref. 18 ) were more elongated and phase dark than basal cells grown in BPEcontaining medium (DFCI; ref. 25 ; Fig. 2A) . Further, the luminal cells grew more quickly into acinar structures in three-dimensional Research.
on April 10, 2017. © 2007 American Association for Cancer cancerres.aacrjournals.org Downloaded from culture compared with the basal-type cells from the same organoid preparation. Both types of cells eventually grew into large structures (>50 Am in diameter) in DFCI-constituted Matrigel; however, the luminal cells had higher levels of branching extensions ( Fig. 2A) . Matrigel constituted with BCM (high serum) also supported the growth of both cell types with the luminal cells again showing many more branched structures than isogenic basal cells (not shown). Expression of a series of basal and luminal markers was also examined by immunoblotting. Basal cells showed high levels of vimentin and low levels of cytokeratin 18 (KRT18) when grown in DFCI, whereas luminal cells had the opposite expression pattern when grown in BCM (Fig. 2B) . Switching the luminal cells to DFCI resulted in morphologic conversion (not shown) accompanied by a loss of KRT18 and increase in vimentin expression (Fig. 2B, lane 6) . All of these properties are consistent with an efficient separation of basal and luminal cells using this single antibody coupled with flow cytometry.
The ready interconversion of luminal to basal cells accomplished by lowering serum and adding pituitary extract suggested a simple set of experiments to discover the substances responsible for this action. We reasoned that pituitary-derived hormones might be able to replace whole pituitary extract in inducing this phenomenon. Therefore, we attempted to recapitulate trans-differentiation by culturing luminal cells in DFCI (low serum) without BPE but in the presence of individual purified pituitary hormones (thyroid stimulating hormone, luteinizing hormone, follicle-stimulating hormone, prolactin, growth hormone, adrenocorticorticotropic hormone, melanocyte-stimulating hormone, antidiuretic hormone, and oxytocin) and mixtures thereof. We assessed trans-differentiation by morphology and gene expression (vimentin, p63, and KRT19). Unlike the full medium switch, we were unable to induce trans-differentiation using the purified hormones (data not shown). These studies were not exhaustive (one concentration of each hormone was chosen); however, the absence of any evidence of differentiation suggests that it is not under simple one hormone control. The other possibility is that high serum maintains the luminal phenotype and its removal promotes basal differentiation. This is unlikely because low serum was used in conjunction with all of the purified pituitary hormones. We continue to investigate this intriguing system. Expression array analysis. Cells cultured in their respective medium were subjected to expression analysis using Affymetrix U133A chips (f22,000 probe sets). From this experiment, done in triplicate (separate dishes from the same preparation), the top 50 genes differentially expressed in basal versus luminal cells are listed in Table 1 [determined by prediction analysis of microarrays (PAM); ref . 26] . Many of these genes track with the known cytokeratin profiles of the two cell types. The basal cells have high levels of KRT2, KRT6, KRT16, and KRT17, whereas luminal cells express KRT8, KRT18, and KRT19 ( full data can be found in Supplementary Data). Other known basal markers that show up on this shortened list include TP73L (p63), SERPINB5 (maspin), and members of the S100 family (27, 28) . In addition to the distinctive cytokeratin profile, luminal cells express a variety of secreted proteins characteristic of ductal epithelia, including insulin-like growth factor binding proteins (IGFBP) 3 and 4, KLK6, WFDC2, and inhibin (29) (30) (31) (32) . TACSTD1 (the antigen recognized by the discriminating Figure 3 . Response of basal and luminal breast epithelial cells to ionizing radiation. A, monolayer cultures of basal cells grown in DFCI and luminal cells grown in BCM were treated with 5 Gy of ionizing radiation (IR) and then analyzed for cell cycle by propidium iodide staining followed by flow cytometry. At time 0 (before ionizing radiation), both basal and luminal cells displayed equivalent cell cycle fractions. B, detection of p53 protein by immunoblotting after ionizing radiation. C, detection of p63 protein after ionizing radiation. D, detection of mRNA from p53-responsive genes after ionizing radiation. The p21 mRNA was detected by quantitative RT-PCR normalized to GAPDH, whereas 14-3-3j and GADD45A were detected by Northern blotting from total RNA.
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Because it can be argued that many of the phenotypic properties of these cells may be secondary to the different culture conditions, other groups have purified and examined basal and luminal cell expression patterns without prior culturing. Given the different types of purification and expression analyses that were done, direct comparisons between these studies could be problematic. Nonetheless, we felt it important to compare these data to determine whether our purification and culture conditions retained similar basal and luminal expression patterns. Ranked gene lists from Jones et al. (33) using custom-spotted arrays with f6,000 genes reported the top 50 probes from purified basal (38 different genes due to duplicate probes) and luminal cells (37 different genes). From their list of basal cell genes, we could find 36 on the U133A arrays with 30 (83%), demonstrating at least 2-fold greater expression in the appropriate direction. A similar relationship was observed with the set of luminal genes from this study with 29 found on the U133A array and 22 (76%) expressed significantly in the same direction. Allinen et al. (34) used serial analysis of gene expression (SAGE) to study gene expression from purified basal and luminal breast epithelial cells. Of the genes most differentially expressed between the two cell types, SAGE tags representing 18 different genes are provided for basal cells and 25 for luminal cells. We could identify 15 of 18 on the U133A array for the basal cell signature and of these, 6 (40%) were significantly overexpressed in the correct direction. For the luminal cells, 18 of 25 probes are found on the U133A arrays with 8 (44%) showing a similar pattern of expression. None of the genes in these comparisons trended in the opposite direction. Overall, this seems to be extremely good concordance given the issues of purification, culture conditions, and expression analysis platforms. The lower concordance with the SAGE results is not surprising, and we note that many of the genes that do not correlate have very low expression levels (scored as absent) on the Affymetrix arrays, suggesting that the two methods may be somewhat complementary in their sensitivity for different genes. This comparison does reinforce that each of the purification strategies results in similar types of cells, and each group has consistently identified and named the two cell types. Further, it indicates that our short-term culture conditions maintain the appropriate differentiated status.
Side population is evenly distributed between basal and luminal cells. It has been suggested that luminal cells may contain the putative breast stem cell because they can be induced to convert to the basal phenotype (15) . A shared characteristic of many stem cells is their ability to pump out and thus exclude dyes such as Hoechst 33342 by virtue of the expression of various transporter proteins (35) . The activity of these transporters can be blocked by the calcium ion flux inhibitor, verapamil. By incubating cells with a dye followed by flow cytometric analysis, a so-called side population can be identified by comparing cells treated in the presence or absence of verapamil. The side population consists of cells that are able to pump out the dye and thus appear distinct from the majority of cells that take up dye. We did such an experiment on a series of unfractionated normal mammary epithelial cells. By also staining the treated cells with Ber-EP4, we were able to determine which fraction (basal or luminal) was enriched for side population cells (Fig. 2C) . In all cases, the side population was evenly distributed between cells with high and low Ber-EP4 staining, implying that this putative stem cell characteristic does not track closely with either population. Although we obtained different levels of basal and luminal cells from each HMEC preparation (see Fig. 1C ), verapamil treatment in each case reduced the two fractions equally.
Differential response to ionizing radiation. We initially hypothesized that the different lineages might respond distinctly to DNA damage accounting for the phenotypic properties of BRCA1-related breast cancers. To test this, matched luminal and basal cultures were subjected to 5 Gy of ionizing radiation, harvested at varying time points, and analyzed for cell cycle distribution by flow cytometry (a representative experiment is shown in Fig. 3A) . Results from these experiments showed that luminal cells enter into a prolonged cell cycle arrest, primarily accumulating in G 2 -M. Basal cells undergo arrest, also largely in G 2 -M, but resume cycling within 24 h after irradiation. The latest time point for any of our experiments was 80 h and within this time frame, neither cell type showed an increase in subdiploid or hypertetraploid populations. Viability as measured by trypan blue exclusion and side scatter was not reduced over the course of the experiment in either cell type.
Induction of p53 protein tends to be a critical and early event in response to DNA damage, particularly in normal primary cells. We examined time points over the course of 24 h after 5 Gy of ionizing radiation for p53 protein accumulation (Fig. 3B) . Luminal cells had lower baseline levels of p53 protein compared with matched basal cells. Both cell types induced p53 protein by 2 h, but basal cells returned to baseline levels by 8 h, whereas p53 protein remained elevated in the luminal cell type. A p53 homologue that also has transactivation properties, p63 (TP73L), was also examined at the protein level. As previously reported, this is an excellent myoepithelial cell marker that is expressed in the breast almost exclusively in the basal layer (27, 36) . The fractionated cells completely mirror this pattern with high-level expression in the basal cells and no detectable expression in the matched luminal cultures (Fig. 3C) . However, ionizing radiation did not induce p63 protein levels in either cell type.
Consequences of p53 stabilization after DNA damage include transcriptional activation of a number of genes that can lead to cell cycle arrest, either at the G 1 -S or G 2 -M boundaries. We examined mRNA levels of several of the most prominent candidates in these cells (Fig. 3D) . CDKN1A (p21) is strongly induced in wild-type p53 breast epithelial cells after DNA damage. For example, irradiation of the MCF7 breast cancer cell line produces a robust p53 and p21 response concomitant with a prolonged G1 arrest (37) . 3 The magnitude and duration of the p21 response in our sorted populations was measured by quantitative RT-PCR normalized to GAPDH expression. As we have observed before with unselected normal mammary epithelial cells grown in DFCI (i.e., cells that are predominantly basal), p21 is not highly induced and returns to baseline levels quickly. In other experiments (data not shown), maximal induction in basal cells occurs 4 h after ionizing radiation. This is consistent with the brief accumulation of p53 in these cells. In contrast, purified luminal cells displayed a prolonged increase in p21 mRNA levels matching the durable increase in steady-state p53 protein. Other p53-responsive genes more tightly associated with G 2 -M arrest were also examined by Northern blotting. Luminal cells showed a prolonged increase in GADD45A (similar to p21), whereas Stratifin (SFN, 14-3-3r) was not induced in either population. Previous studies have shown that SFN is highly expressed in normal mammary epithelial cells and silenced by hypermethylation in a high percentage of invasive breast cancers (38) . Our current data indicate that SFN expression is heavily skewed toward basal cells, and loss of expression in most breast cancers may be associated not only with hypermethylation but also with the lineage of the cancer (i.e., basal versus luminal).
Starting from first principles, we anticipated that BRCA1 could play a distinct role in response to DNA damage in the two cell populations. One measure of BRCA1 action is the accumulation of the BRCA1 protein into nuclear foci (39) . These foci accumulate at sites of DNA damage with a variety of other members of the repair machinery (40) . Matched luminal and basal cells were treated with ionizing radiation, and the BRCA1 protein was visualized by immunofluorescence at varying times (Fig. 4A) . Both cell types showed a clear response as indicated by a dramatic increase in the number of BRCA1-containing nuclear foci. However, as with other measures of response studied, these foci seemed to dissipate by 24 h in the basal cells but persisted in the matched luminal population. Total BRCA1 protein as measured by immunoblotting was not significantly different between the two cell types or in response to ionizing radiation (Fig. 4B ). BRCA1 nuclear focus formation is consistent with other measures of the DNA damage response in these cell types, further indicating that basal cells tend to have a much more transitory response than luminal cells. The underlying reason for this difference is not yet known.
Response to ionizing radiation in organ culture. There is one important caveat in the preceding experiments. The two cell types, although isogenic, derived at the same time, and cultured in parallel, were grown in different media (DFCI versus BCM). There is no direct way to control for this difference; therefore, our results could be interpreted as secondary to the culture conditions. To address this issue as directly as possible, we explored the use of primary organ cultures of human mammary tissue to measure the response to DNA damage. Not only would this approach control for culture conditions, it would also provide the three-dimensional structure and mesenchymal cells present in the natural setting. We obtained a fresh breast reduction specimen from a 34-year-old woman with no history of breast cancer, trimmed away the adipose tissue, and then cut the parenchyma into f3-mm 3 fragments. These fragments were incubated overnight in a tissue culture dish containing DFCI and then were treated (or mock treated) with 5 Gy of ionizing radiation the next day. These fragments were harvested at varying time points after ionizing radiation and immediately embedded and frozen in matrix for histologic sectioning. Thin sections were prepared and analyzed by immunohistochemistry (Fig. 5) . The fragments retained architecture (Fig. 5 , H& E) typical of the normal mammary gland and through 24 h after ionizing radiation did not harbor apoptotic cells as measured by the absence of M30 antibody staining (detecting the caspase cleavage product of CK18; not shown). Nonirradiated fragments showed weak and relatively uniform p53 immunostaining. Two hours after ionizing radiation, we could detect the characteristic intense p53 nuclear staining indicative of activated p53 protein, but only in epithelia located in the basal layer. No cells in the luminal layer showed this type of accumulation. However, 24 h after ionizing radiation, we were able to detect numerous ductal structures that showed widespread nuclear staining for p53. No further accumulation in the basal layer was evident and, indeed, we could not identify any cells in the basal layer with staining comparable with that observed 2 h after ionizing radiation. Finally, phosphorylation of histone H2AX was also examined using an antibody specific for the activated form of this protein (41) . We observed a dramatic increase in staining for this proximal marker of the DNA damage response over the course of 24 h. However, basal cells again showed a much more rapid reduction in the levels of phosphorylated H2AX than adjacent luminal cells. By 24 h after ionizing radiation, pH2AX staining is primarily in the luminal cells shown by the complementary staining with the basal cell marker, CALLA, in a parallel section. These results further support our finding that cells of basal origin have a rapid but transient response to a physical DNAdamaging agent, whereas luminal cells have a more prolonged response to the same genotoxic insult.
Discussion
The studies described here were prompted by a number of observations regarding breast cancer and BRCA1. As with any disease, a dissection of molecular etiology should be based on comparisons with the normal or baseline condition. For breast epithelium, the likely cell type of origin for breast cancer, many model systems have proven valuable in studying the normal biology. These models include animals (most often rodents but many mammals have been examined), normal mammary epithelial cells (human and otherwise) typically derived from breast reductions, and cell lines derived from normal mammary cells (immortalized by a number of different methods). Much of what we do know about human breast epithelium comes from work done on either shortterm cultures of normal cells (HMEC) or immortalized derivatives thereof. The one common problem with these cells is that they have the characteristics of basal epithelium; therefore, most comparisons to cancer that have been made using these cell culture models removes the luminal cell from the equation. The exclusion of luminal cells has not been intentional; rather it is due to the fact that basal cells proliferate much better on plastic under the conditions that have been developed to culture breast epithelia.
The Ber-EP4 antibody recognizes the cell surface protein encoded by the TACSTD1 gene, previously known by other names, notably EpCAM and TROP1 (42) . This antigen and antibodies recognizing it have primarily been used for detecting, purging, and treating occult carcinoma cells (24, 43) . There is little information on the function of the TACSTD1 protein outside of its role in cell adhesion (44) . The significance of its bimodal expression pattern in basal versus luminal cells is unknown. Expression array data on 18 breast cancer cell lines indicated that MDA435, MDA231, BT549, HS578T, MDA157, and BT549 all expressed low levels of the TACSTD1 message compared with the other lines in the study (Fig. 1B) . All of these cell lines are ESR1, PGR, and ERBB2 low or negative, indicative of the basal phenotype, lending further support that TACSTD1 is expressed at much lower levels on cells in the basal lineage, both normal and neoplastic.
From the standpoint of cell purification, using a single antibody is significantly simpler than previous approaches. Cell purity, as assessed by morphology and expression profile, seemed to be very good. Comparing lists of genes that were most differentially expressed in two other studies of basal and luminal mammary epithelial cells, we found excellent concordance even with the complication of different purification techniques and expression platforms (33, 34) . Further, we analyzed gene expression after culturing the two cell types in selective medium, whereas the previous studies extracted RNA without prior culturing of the cells. Therefore, it seems that the purification and culture conditions allow the cells to retain their strong characteristic signatures.
Consistent with the work of Pechoux et al. (15) , we also found that luminal cells could be readily trans-differentiated into basallike cells simply by switching the medium but not vice versa. When basal cells are placed into medium containing high serum (luminal cell conditions), they cease proliferating, enlarge, and senesce. A natural conclusion from these properties is that the luminal cell population harbors cells that can be reprogrammed (i.e., stem cells). To further investigate this possibility, we measured the percentage of side population cells in the basal and luminal fractions. From three different early passage HMEC cultures, we found an equal number of dye excluding side population cells (f1%) in the two fractions, suggesting that stem like cells may have both luminal and basal characteristics.
Our primary purpose for culturing these cells was to investigate the nature of the DNA damage response. There is a wealth of evidence to support the following contentions. (a) The human breast exposed to ionizing radiation is prone to developing cancer. , although associated with a highly specific set of cancers, does not have tissue-limited expression, a condition that is analogous to other germ line cancer susceptibility genes such as RB and APC. These findings prompted us to develop a system by which we could study tissue-specific effects of BRCA1 Figure 5 . Response of normal ex vivo human mammary tissue to ionizing radiation. Fragments from a reduction mammoplasty were cultured in DFCI overnight before treatment with 5 Gy of ionizing radiation. Multiple fragments at each time point were harvested and embedded in matrix before sectioning. Thin sections were reacted with antibodies to p53, CALLA, and phosphorylated H2AX. H&E-stained sections are shown at 2 and 24 h after ionizing radiation. There is little nuclear accumulation of p53 protein without ionizing radiation treatment. Arrows, basal cells with characteristic nuclear accumulation of p53 protein at 2 h. By 24 h, detectable p53 protein is present primarily in the luminal compartment. CALLA reactivity shows the location of basal cells at 2 and 24 h after ionizing radiation. Staining with phosphorylated H2AX antibody shows intense reactivity in both layers at 2 h after ionizing radiation, whereas at 24 h, reactivity is largely diminished in the basal layer. Full size images are available at http://data.cgt.duke.edu/Basalluminalradiation.php. Bar, 50 Am.
related to its etiologic role in breast cancer. The type of breast cancers that arise in women harboring mutations in BRCA1 suggested that isogenic normal basal and luminal cells might be the most appropriate system to examine these effects. Further, because ionizing radiation and DNA damage resulting from it are linked not only to breast cancer but also to the mechanistic actions of BRCA1, it seemed logical to use this physical agent to analyze cellular response. Our findings in this regard are consistent and support the hypothesis that normal basal and luminal cells respond in a distinct manner to ionizing radiation.
Our results indicate that basal cells undergo a transitory cell cycle arrest after irradiation, whereas luminal cells have a more prolonged arrest, primarily at G 2 -M. The behavior of molecular markers, including the kinetics of p53, p21, and GADD45a expression and BRCA1 nuclear focus formation, are consistent with this picture. In addition, baseline expression of key cell cycle genes is significantly different in the two cell types. In particular, p53 protein, 14-3-3j, and p63 are all elevated in basal cells compared with luminal cells. From expression array data, both 14-3-3j and p63 are regulated at the RNA level, whereas p53 mRNA is in fact slightly more abundant in luminal cells. The p53 protein is most significantly regulated by changes in protein stability. Mutated versions of p53 accumulate in cells due to prolonged half-life; however, the stability of the wild-type protein is also highly variable in different normal cell types. In cycling fibroblasts and mammary epithelial cells, p53 protein half-life has been measured at 30 min and 4 h, respectively (45) . As with most other experiments using HMEC, a predominantly basal cell population was used in the experiment measuring protein half-life. Therefore, we consider it likely that p53 protein stability is lower in breast luminal cells resulting in reduced steady-state levels compared with basal cells. Numerous factors and conditions are known to influence p53 stability; however, the mdm2 protein is still considered to be the central player ( for review, see ref. 46 ). At least at the level of mRNA, MDM2 is expressed at equivalent (and very low) levels in both basal and luminal cells.
Many factors could account for the differential response to ionizing radiation. It is conceivable that the amount of physical damage (i.e., strand breakage) is different in the two cell types, perhaps influenced by varying levels of free radicals after dosing. A number of enzymes participate in ameliorating oxidative damage, including the superoxide dismutases, catalases, glutathione peroxidases, and glutathione transferases. From array data, the most significant differences in the expression of these genes at the mRNA level are SOD1 (approximately twice higher in luminal cells) and GSTP1 (approximately thrice higher in basal cells). Either or both of these genes could modulate the amount of oxidative damage on DNA. A polymorphic variant in GSTP1 has been examined in relation to oxidative damage with conflicting results (47, 48) . On the other hand, SOD levels have been shown to directly correlate with reactive oxygen species and damage produced by free radicals (49) . SOD1, at the RNA level, is more highly expressed in the luminal cells, suggesting that persistence of free radicals is not a primary cause of the observed transitory damage response in the basal cells. Another possibility is that DNA lesions are repaired more rapidly in basal cells, resulting in a less prolonged damage response. Our attempts to measure this directly using the comet assay were unsuccessful.
The purified and cultured basal and luminal cells could be useful for many studies of these lineages. For certain kinds of investigation, different culture conditions may not be important; however, we were specifically interested in a comparative study between the two cell types. Of significant concern then were systematic biases that could be introduced from the respective tailored growth milieu. That the cell types retained expression patterns characteristic of uncultured basal and luminal cells mitigated this concern somewhat. In seeking to further address this issue, we explored the use of short-term primary organ cultures of normal human breast. Organ culture is perhaps the simplest possible system for studying the normal human breast in vitro and has been used to measure variables such as proliferation as a function of age, topography, and cell type (50) . Although this type of system is not particularly amenable to genetic manipulation, it is well suited for the study of response to penetrating physical agents such as ionizing radiation. Analogous to the isolated cell populations, we observed a distinct response to ionizing radiation in the basal versus luminal layers. As would be anticipated, these responses are not uniform throughout each specimen. However, we discovered clear trends. Basal cells accumulated p53 protein very early after irradiation, whereas luminal cells had a delayed but more prolonged response. We have maintained similar organ cultures out to 17 days after explanting with maintenance of ductal organization and ongoing proliferation of the epithelia as measured by Ki-67 staining. This model may be extremely useful for studying both short-term and relatively long-term effects of physical and chemical agents on the breast epithelium in situ.
The basic hypothesis underlying these studies was that cells of the basal and luminal lineage exhibit a differential DNA damage response that could begin to explain the series of observations regarding breast cancer and BRCA1 listed above. What we have shown is that by a number of different criteria, this is indeed the case. Given this differential response, a straightforward model can be constructed to account for the finding that BRCA1 mutations result in tumors with a basal phenotype. Genotoxic events, whether extrinsic or intrinsic, act on ductal epithelial cells at a finite frequency. BRCA1 and other molecular components of the damage response pathway are activated and serve to arrest cells, initiate a process of repair, or trigger apoptosis. In the luminal compartment, this is a robust and efficient cascade. Damage in basal cells does trigger these pathways; however, the response is much weaker. Therefore, these cells are more likely to escape arrest and/or apoptosis and accumulate genetic abnormalities; that is, they are more susceptible to neoplastic initiation and progression after DNA damage. Loss of BRCA1, first in a heterozygous and eventually in a homozygous state, serves to increase the severity of the situation by further blunting one of the key damage response pathways.
This theory is based on the possibility that different types of breast cancer arise from different precursor cells. The primary alternative concept is that all (or most) breast cancers are derived from a single cell type, the incompletely identified mammary stem cell. The heterogeneity of breast cancers then occurs through variations in the type of incident genetic and epigenetic events. Overexpression of the estrogen receptor (by as yet unidentified mechanisms) leads to one type of cancer, amplification of ERBB2 leads to another, and so on, with combinations of the most common events giving rise to the observed spectrum of human breast cancer. These two concepts are not mutually exclusive. For example, the stem cell must give rise to fully differentiated basal and luminal cells. These terminally differentiated cells probably have limited proliferative capacity. Therefore, it is reasonable to assume that there are cells with intermediate phenotypes (i.e., committed precursor cells that continue to divide but are destined to give rise to basal or luminal cells). In fact, the majority of cells
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Cancer Res 2007; 67: (7) . April 1, 2007 grown as HMEC could be considered as having these properties. Although our data do not directly address these alternate possibilities, the clear finding of a differential response to DNA damage by normal basal versus luminal cells increases the likelihood that different cell populations may be naturally more or less sensitive to the actions of both carcinogenic agents and genetic events, both inborn and acquired.
